. Caveolin-1 regulates contractility in differentiated vascular smooth muscle. Am J Physiol Heart Circ Physiol 286: H91-H98, 2004. First published September 11, 2003 10.1152/ajpheart.00472.2003.-Caveolin is a principal component of caveolar membranes. In the present study, we utilized a decoy peptide approach to define the degree of involvement of caveolin in PKCdependent regulation of contractility of differentiated vascular smooth muscle. The primary isoform of caveolin in ferret aorta vascular smooth muscle is caveolin-1. Chemical loading of contractile vascular smooth muscle tissue with a synthetic caveolin-1 scaffolding domain peptide inhibited PKC-dependent increases in contractility induced by a phorbol ester or an ␣ agonist. Peptide loading also resulted in a significant inhibition of phorbol ester-induced adducin Ser 662 phosphorylation, an intracellular monitor of PKC kinase activity, ERK1/2 activation, and Ser 789 phosphorylation of the actin binding protein caldesmon. ␣-Agonist-induced ERK1-1/2 activation was also inhibited by the caveolin-1 peptide. Scrambled peptide-loaded tissues or sham-loaded tissues were unaffected with respect to both contractility and signaling. Depolarization-induced activation of contraction was not affected by caveolin peptide loading. Similar results with respect to contractility and ERK1/2 activation during exposure to the phorbol ester or the ␣-agonist were obtained with the cholesterol-depleting agent methyl-␤-cyclodextrin. These results are consistent with a role for caveolin-1 in the coordination of signaling leading to the regulation of contractility of smooth muscle.
CAVEOLIN IS A DEFINING PROTEIN component of caveolae. Caveolae are defined as plasma membrane invaginations, abundant in many cell types and enriched in cholesterol, sphingolipids, and glycosylphosphatidylinositol-anchored membrane proteins (31) . Caveolins are thought to be scaffolding proteins that facilitate the assembly of signaling complexes and function as message centers or chemical switchboards for the integration of signal transduction. Signaling molecules that have been reported to bind caveolins include G protein-coupled receptors, heterotrimeric G proteins, receptor tyrosine kinases, components of the Ras mitogen-activated protein kinase pathway, Src family tyrosine kinases, PKCs, and nitric oxide synthase (24, 30) . In some cases, the binding of signaling molecules to caveolins has also been suggested to alter the activity of signaling molecules (31) .
Caveolins are a family of 21-to 24-kDa integral membrane proteins. Caveolin-1 and -2 are widely expressed, whereas the expression of caveolin-3 is muscle specific (41) . Although caveolins have been extensively studied in many cell types and caveolae have been purified from chicken gizzard (2) , little is known about how their function relates to regulation of contractility of differentiated vascular smooth muscle (39) . It has recently been reported (8) that cholesterol depletion disrupts agonist-induced contraction of vascular preparations. Cholesterol depletion is thought to disrupt caveolar function but could have other effects as well, including disruption of lipid raft function (1) and other nonspecific effects.
Thus in the present study, we took an alternative approach of introducing caveolin decoy peptides into contractile smooth muscle to test the hypothesis that the scaffolding domain of caveolins participates in the coordination of signal transduction regulating contractility in differentiated vascular smooth muscle. Results strongly argue that caveolin plays a significant role in the regulation of smooth muscle contractility and suggest that caveolin regulates the activation of PKC, ERK1/2, and the function of the downstream actin-binding protein caldesmon (CaD).
MATERIALS AND METHODS
Tissue preparation. Thirty-nine ferrets (Marshal Farms, North Rose, NY) were killed with an overdose of chloroform in a ventilation hood, in accordance with procedures approved by the Institutional Animal Care and Use Committee. The thoracic aorta was quickly removed and immersed in oxygenated (95% O 2-5% CO2) physiological saline solution (PSS) composed of (in mM) 120 NaCl, 5.9 KCl, 25 NaHCO 3, 11.5 dextrose, 2.5 CaCl2, 1.2 MgCl2, and 1.2 NaH2PO4 (pH 7.4). The aorta was cleaned of all adherent connective tissue, and the endothelium was removed by gentle abrasion with a rubber policeman.
Contraction measurements. Circular strips (3-mm wide) were prepared as previously described (14) and attached to a force transducer. They were allowed to equilibrate at 37°C for at least 1 h and were then challenged with a depolarizing solution of 51 mM KCl PSS, in which 45.1 mM of NaCl had been stoichiometrically replaced by KCl. Muscle strips were then allowed to equilibrate for 1 h in PSS before beginning the experiment.
Peptide loading and organ culture. Peptides were synthesized by using an automated peptide synthesizer (model 431A; ABI) and employing 9-fluorenylmethoxycarbonyl chemistry. They were purified by reverse-phase HPLC using a Varian Prostar HPLC system and a C18 preparative column (model C-18; Higgins Analytical). Peptides included FITC tags attached to a spacer (␤-Ala) at their NH 2 terminus to be used in confirming loading of tissue cells. The sequence synthesized was taken from the scaffolding domain of caveolin-1 (CaV1) (residues 82-101), which is highly conserved across species (5Ј-DGIWKASFTTFTVTKYWFYR-3Ј). A scrambled version of this peptide CaV1X (5Ј-GDAWIKYRFWTFTKSYTFTV-3Ј) was also synthesized as a negative control.
A method originally developed to load aequorin into intact smooth muscle and referred to as a "chemical loading procedure" (28) was used to introduce the peptides into the cells of a vascular strip. Briefly, muscles were soaked for 30-120 min each in a series of four solutions at 2°C. The composition (in mM) of the solutions was as follows. ] ) was raised to the normal value of 2.5 mM in gradual steps to avoid damage to the preparation from the "Ca 2ϩ paradox" (47) . Tissues were kept overnight in organ culture at room temperature in a 1:1 mixture of PSS and Dulbecco's modified Eagle medium in the presence of penicillin (25 U/ml), streptomycin (25 mg/ml), and nystatin (50 U/ml). The viability of the preparation and contractile function were tested on the second day by measuring the response to 51 mM KCl PSS. Success of loading was confirmed by the observation of fluorescence in all cells throughout the thickness of the strip by using digital image analysis in a confocal-like approach as we (13) previously reported for the chemical loading of oligonucleotides with the same method.
Western blot analysis. Muscle strips were quick frozen by immersion for 60 min in a dry ice-acetone slurry containing 10% TCA and 10 mM DTT. Muscles were stored at Ϫ80°C until used. Samples were homogenized in a buffer containing 20 mM MOPS, 4% SDS, 10% glycerol, 10 mM DTT, 20 mM ␤-glycerophosphate, 5.5 M leupeptin, 5.5 M pepstatin, 20 KIU aprotinin, 2 mM Na 3VO4, 1 mM NaF, 100 M ZnCl 2, 20 M 4-(2-aminoethyl)-benzenesulfonyl fluoride, and 5 mM EGTA and heated to 70°C for 10 min or boiled for 10 min. Protein-matched samples (modified Lowry protein assay, DC protein assay kit; Bio-Rad, Hercules, CA) were electrophoresed on SDS-PAGE (Protogel; National Diagnostics), transferred to polyvinylidene difluoride membranes, and subjected to immunostaining by using the appropriate antibody and densitometry. Success of protein matching was confirmed by naphthol blue-black staining of the membrane and densitometry of the actin band. Any mismatch of lane loading was corrected by normalization to actin staining. Each set of samples (CaV1, CaV1X, sham) from an individual experiment was run on the same gel, and densitometry was performed on the same film. Between experiments, films of similar exposure times/intensities were used so that the quantitative values could be combined for analysis. Care was taken to ensure that saturation of the signal did not occur at any step in the processing. Densitometry was performed with NIH Image software (National Institutes of Health, Bethesda, MD).
Preparation of single cells. Single vascular smooth muscle cells from ferret aorta were enzymatically isolated by using a modification of a previously published method (27) . The aorta was cut into small pieces (2 ϫ 2 mm) and placed in a siliconized flask containing digestion medium. For each 100 mg wet wt of aorta, digestion medium A consisted of 1.4 mg class 2 collagenase (type II, 390 U/mg, lot no. M1E4817), and 1.6 mg elastase (grade II, 4.0 U/mg) in 7.5 ml of Ca 2ϩ /Mg 2ϩ -free HBSS with 0.2% BSA. Tissue pieces were incubated in a shaking water bath (9.5 cycles/min) at 34°C under an atmosphere of oxygen for 90 min. The pieces were then filtered on a nylon mesh (526-m mesh opening), rinsed with 10 ml of HBSS, and reincubated for 20 min in digestion medium B, i.e., the same digestion solution as medium A except for a decrease in the amount of elastase to 0.74 mg. Pieces were filtered, rinsed again, and reincubated in digestion medium C, i.e., medium B, plus 0.5 mg of 5,000 units soybean trypsin inhibitor (Type II-S). After being filtered and rinsed with 10 ml of HBSS, the dissociated cells were poured over glass coverslips and plated for 40 min on the ice. For all experiments, isolated cells were tested to confirm that they shortened in response to phenylephrine (PE).
Digital imaging. Cells were fixed with 2% paraformaldehyde, permeabilized with 0.1% Triton X-100, blocked with 10% goat serum, and incubated with a mouse monoclonal CaV1 antibody (1:1,000; BD Transduction Laboratories, Lexington, KY), followed by a goat antimouse Oregon Green secondary antibody (1:250; Molecular Probes, Eugene, OR), and mounted with Fluorosave (Calbiochem, San Diego, CA). Images were obtained by using a Kr/Ar laser (Radiance 2000; Bio-Rad) scanning confocal microscope equipped with an oil immersion objective (ϫ60, model NA1.4; Nikon). Images were recorded with Laser sharp 2000 for Windows NT.
Antibodies. Rabbit polyclonal phospho-CaD antibody (1:1,000) and rabbit polyclonal phosphoadducin antibody (1:2,000) were obtained from Upstate Biotechnology (Lake Placid, NY). The mouse monoclonal phospho-p44/p42 (Thr 202 /Tyr 204 ) MAPK antibody (1: 2,000) was obtained from New England Biolabs (Beverly, MA). CaV1, caveolin-2 (CaV2), and caveolin-3 (CaV3) mouse monoclonal antibodies were obtained from BD Transduction Laboratories and used at the indicated dilutions.
Materials. Methyl-␤-cyclodextrin (CD) was purchased from Sigma. 12-Deoxyphorbol 13-isobutyrate 20-acetate (DPBA) was purchased from ICN Biomedicals (Costa Mesa, CA).
Statistics. Each set of data was expressed as means Ϯ SE. Student's t-test was used to determine the statistical significance of the means between groups of two, with P Ͻ 0.05 taken as significant.
RESULTS

CaV1 is the most readily detected caveolin isoform in ferret aorta smooth muscle.
Immunoblots were obtained against whole cell homogenates of ferret aorta by using antibodies against each of the three caveolin (CaV) isoforms at the recommended dilutions. As shown in Fig. 1 , A and B, a pronounced signal was obtained for CaV1 at the recommended dilution of 1:1,000 (lane 7); a barely detectable signal was seen for CaV3 at five times the recommended concentration of antibody (lane 2). No signal was detectable for CaV2 (lane 4); however, note that a protein-matched positive control (RSV-3T3 cells, lane 3) was readily detected by the CaV2 antibody at this dilution. At the 1:1,000 dilution, a lower band recognized by the CaV1 antibody was visible. Two variants of CaV1 have been described (36) , and it is likely that the upper band represents the ␣-isoform and the lower band the ␤-isoform. The ␣-variant appears to be far more abundant in this smooth muscle tissue. Note that a CaV1-immunoreactive high-molecular-mass band was seen at ϳ300 kDa in samples homogenized in SDS-containing buffer and heated to 70°C for 10 min (Fig. 1B ), but this band was essentially eliminated by boiling the sample (Fig. 1A ). This band is likely to be an oligomerized form of CaV1 because it has previously been reported that CaV1 forms large oligomeric structures resistant to SDS but broken down by boiling (35) . Thus it appears that the predominant caveolin isoform in this tissue is CaV1.
Images obtained by staining freshly enzymatically isolated cells with the same CaV1 antibody as that shown for the Western blot analysis indicate that CaV1 is localized to punctate spots (some of which are marked by white arrows in Fig.  1C ) at the cell edge. These distinct punctate spots were consistently observed although caveolae are known to be only ϳ50 nm in diameter, well below the limit of resolution of the confocal microscope. A similar, distinct punctate pattern has been reported before (12) and is assumed to represent a clustering of caveolae as has been observed in electron micrographs of smooth muscle (40) .
Chemically loaded CaV1 scaffolding domain peptides inhibit PKC-induced contractility but not KCl-induced contractility. Preparations of the aorta of the ferret were chemically loaded with a synthetic CaV1 scaffolding domain peptide, a scrambled version of this peptide (CaV1X), or sham loaded. As is shown in Fig. 2A , the increase in contractility in response to PKC activation with 3 M of the phorbol ester DPBA for 10 min was significantly inhibited in CaV1-loaded preparations compared with CaV1X-loaded preparations. This time point was approximately at the midpoint of the development of the contraction. At 1 h of exposure to DPBA, a steady-state time point, the magnitude of the inhibition was less (14%) but was also statistically significant (P Ͻ 0.01). This concentration of DPBA was previously found to be maximally effective in this tissue (33) .
The ␣-agonist PE is a more physiological agonist and has been suggested to contract ferret aorta by both PKC-dependent and PKC-independent mechanisms. The PKC-dependent fraction of the contraction has been shown to be Ca independent, but the PKC-independent fraction is Ca dependent (16, 27 ). Thus we also determined the effect of CaV1 decoy peptides on PE contractions. As shown in Fig. 2, C and D, the contraction to PE both in the presence and absence of extracellular Ca is inhibited significantly by the CaV1 peptide but not the CaVX peptide.
To investigate whether the effect of the CaV1 scaffolding domain peptide was selective, we also measured contractility in response to a nonreceptor-mediated stimulus, depolarization with a PSS containing an elevated concentration of KCl. As is seen in Fig. 2B , there was no effect of CaV1 or CaVX peptide loading on the contraction in response to KCl PSS.
Activation with a phorbol ester sequentially increases PKC substrate phosphorylation, ERK1/2 phosphorylation, and CaD phosphorylation. As a first step in the investigation of the mechanism of the effect on contractility of CaV1 scaffolding domain peptides, we determined the temporal profile of the activation of signaling molecules that have been implicated in a PKC-dependent pathway leading to contraction of this tissue (29) . Ca/CaM/myosin light-chain kinase-mediated phosphorylation of the 20 kDa myosin light chains (LC20) is an important mechanism of regulation of smooth muscle contraction, but it has previously been shown that phorbol ester activation of this tissue causes negligible increases in either the intracellular [Ca 2ϩ ] or the LC20 phosphorylation level. Rather, the PKCactivated pathway in this tissue has been reported to involve activation of ERK1/2 and phosphorylation of a downstream substrate, CaD (17) . CaD is reported to interfere with the availability of actin for interaction with myosin, and phosphorylation of CaD is thought to reverse this inhibitory action (29) .
Time courses for the activation of ERK1/2 (as monitored with phosphospecific antibodies), phosphorylation of CaD, and the increase in contractile force in response to DPBA are shown in Fig. 3 . Additionally, for comparison, the time course for the site-specific PKC-mediated phosphorylation of ␥-adducin at Ser 662 (numbering according to the human sequence) was monitored as a reporter of endogenous PKC kinase activity (10). The peak increase in endogenous PKC kinase activity (adducin phosphorylation) is seen within 5 min. ERK1/2 activation peaks at 10-15 min. Much later, by 60 min, phosphorylation of CaD on Ser 789 , an ERK1/2 phosphorylation site (5, 6), reaches a peak. It is of interest that only CaD phosphorylation has a time course that parallels the slow time course of the contractile event itself (Fig. 3) . This finding is consistent with past suggestions that the phosphorylation of CaD at Ser 789 is the final signaling event that causes the increased contractility (6) . The reason for the pronounced delay between ERK1/2 activation and CaD phosphorylation is not known but may relate, in part, to the time required for the previously described translocation of ERK1/2 from the plasmalemma to the contractile filaments (15) . On the basis of these time-course curves, CaV1 peptide-loaded preparations were quick frozen at 10 min and 1 h after exposure to DPBA to evaluate the effects on these signaling events.
CaV1 scaffolding domain peptides disrupt phorbol esterdependent PKC activation, ERK1/2 activation, and CaD phosphorylation. Preparations loaded with the CaV1 scaffolding domain peptide, the CaV1X peptide, or sham loaded were quick frozen at 10 min to monitor ␥-adducin Ser 662 phosphorylation and ERK1/2 activation. Phospho-Ser 662 ␥-adducin antibody also detects phosphorylation of Ser 724 of ␣-adducin (numbering according to the human sequence). As can be seen in Fig. 4A , loading with the CaV1 scaffolding domain peptide caused a significant decrease in the phosphorylation at the PKC site of both isoforms of adducin, compared with that in either sham-loaded muscles or muscles loaded with CaV1X. The phosphoadducin levels in muscles not activated with DPBA (resting) are shown for reference. Levels in CaV1X-loaded muscles were not significantly different from those in shamloaded muscles. These results imply that PKC interacts with caveolin in the caveoli before it acquires kinase activity and before it can be targeted to and phosphorylate substrates, such as adducin or the yet to be determined upstream molecule that leads to ERK1/2 activation, and subsequent contraction.
ERK1/2 activity, as monitored by phosphospecific antibodies, was also measured in the preparations quick frozen at 10 min. As shown in Fig. 4B , loading of muscles with the CaV1 scaffolding domain peptide caused a significant inhibition of both ERK1 and ERK2 phosphorylation at the 10-min time point compared with that in either CaV1X-loaded or shamloaded muscles.
In muscles quick frozen at the 1-h time point, both ERK1/2 activity (Fig. 4C) and Ser 789 CaD phosphorylation (Fig. 4D ) were measured. It is worth noting that in these differentiated smooth muscle cells, ERK1/2 activation is quite prolonged compared with some other cell types (3, 45) , and significant activation persists at 60 min. This activity was significantly inhibited by loading with the CaV1 scaffolding domain peptide but not with the CaV1X peptide or sham loading (Fig. 4C) . Similarly, Ser 789 phosphorylation of CaD was inhibited by loading with the CaV1 scaffolding domain peptide but not with the CaV1X peptide or sham loading (Fig. 4D) .
We additionally measured the effect of the CaV1 scaffolding domain peptide on ERK activation during the Ca-independent Ϫ5 M PE in CaV1X-loaded or CaV1-loaded strips in the absence of extracellular Ca and expressed as a percentage of that in sham-loaded strips (n ϭ 5). PE (10 Ϫ5 M) was chosen because the Ca-independent contraction is largest at this concentration. *P Յ 0.05; **P Յ 0.01. Fig. 3 . Time course of DPBA-induced changes in contractility and phosphorylation (p) of adducin, ERK1/2, and caldesmon. In each case, the mean results were normalized as a percentage of the average maximal increase above baseline (n ϭ 3-12) . The x-axis is in minutes after the addition of DPBA. SE bars have been deleted for clarity. PE contraction. Muscles were placed in a Ca-free PSS containing 2 mM EGTA and quick frozen after being exposed to PE for a time previously determined to be appropriate (6) for the measurement of ERK activation (5-7 min). Phospho-ERK signals from muscles loaded with the CaV1 peptide were inhibited by 43 Ϯ 16% compared with sham-loaded muscles (P Ͻ 0.05, n ϭ 3). In contrast, the phospho-ERK signal from CaV1X-loaded muscles was inhibited only 20 Ϯ 14% compared with the sham-loaded muscles (P Ͼ 0.05 n ϭ 3).
A cholesterol-depleting agent inhibits contractility and agonist-induced signaling. Previous studies (46) have reported that CaV1 (4) and CaV3 knockout in the mouse leads to a hyperactivation of ERK1/2 in cardiac muscle. The same group (9) has also suggested that the scaffolding domain peptides might act as nonspecific kinase inhibitors. This suggestion is actually not consistent with the lack of effect of these peptides on KCl contractions in this tissue, because previous studies have shown that KCl contractions are dependent on the activity of both MLCK (11) and CaMKII (20) . However, to confirm that disruption of caveolin-dependent signaling is associated with ERK inhibition in this smooth muscle tissue, we also used an alternative approach to disrupt caveolar function by using a cholesterol-depleting agent, CD (8, 42) . Although the use of a cholesteroldepleting agent raises additional concerns, such as a possible detergent-like effect, which might increase cell leakiness, the potential artifacts with the two approaches are expected to differ. Thus if similar results are obtained, this argues strongly for a true caveolin-dependent signaling effect. As can be seen in Fig. 5 , this agent was effective in inhibiting DPBA-and PE-but not KCl-induced contractility. Also, treatment with CD was effective in inhibiting DPBA-and PE-induced increases in ERK2 phosphorylation (Fig. 6) .
DISCUSSION
The present study indicates that CaV1 is the major caveolin isoform in this contractile vascular smooth muscle preparation. Ϫ5 M PE alone or in strips pretreated with 15 mM CD for 1 h. PE response was recorded in a nominally Ca-free physiological saline solution (no added Ca, but no EGTA) to focus on PKC-dependent pathways. Forces for each strip are normalized to the amplitude of the response to an initial KCl challenge for display. Statistical significance of differences was determined from nonnormalized data. **P Ͻ 0.01 compared with the absence of CD; n ϭ 4. Open bars, vehicle controls; filled bars, CD-treated strips.
An extremely strong signal was obtained on Western blots with an anti-CaV1 antibody. In contrast, a CaV3 signal was only barely detectable, and CaV2 was not detectable at all. CaV3 is thought to be a muscle-specific isoform; however, similarly low levels have been reported for other vascular and intestinal muscles (44) . CaV3 appears to be distributed primarily in skeletal and cardiac muscles, which, interestingly, are reported to contain little or no CaV1 (37). Voldstedlund et al. (44) reported that, by Western blot analysis, CaV2 from smooth muscle detected with the same antibody as used here was less abundant than CaV2 from nonmuscle sources. Scherer et al. (34) , using the same antibody, reported that the distribution of CaV2 in differentiated tissues was largely restricted to lung and adipose tissue (35) . However, in uterine tissue, all three isoforms are reported to be equally well detected (40) . Thus the overall pattern of relative abundance of these isoforms may be tissue specific and warrants further study.
Because CaV1 appeared to be the most abundant isoform in this tissue, we used the CaV1 scaffolding domain sequence to synthesize the scaffolding domain peptide used in this study. Chemical loading of this peptide into contractile smooth muscle indicated that the CaV1 scaffolding domain (but not a scrambled version of the domain) was able to alter agonistinduced contractility of vascular smooth muscle tissue. Although such peptides have been used in many nonmuscle tissues in a dominant-negative-type approach to probe caveolar function (25, 38, 43) , to the best of our knowledge, this approach has not previously been used in differentiated vascular smooth muscle to probe contractile function. However, the concept that CaV1 may regulate agonist-induced contraction of vascular smooth muscle is also consistent with a report in which cholesterol depletion to cause caveolar disruption was shown to impair agonist-induced contractions of vascular smooth muscle (8) .
In the present study, we found that chemical loading of CaV1 peptides into contractile smooth muscle resulted in a significant inhibition of the contraction in response to the phorbol ester DPBA or the ␣-agonist PE. Interestingly, the peptides had no effect on the contraction in response to an elevation of the KCl concentration in the PSS. Many receptors and their downstream signaling molecules have been reported to localize in caveolae and are thought to interact with caveolin (22, 32) . Thus the lack of inhibition of KCl contractions by the caveolin peptides could be due to the fact that this depolarization-mediated contraction is not thought to involve a receptormediated signaling pathway. However, it has also been suggested that most kinases directly interact with caveolin and that the scaffolding domain peptides used here might inhibit all kinases (9) . Lack of an effect of both the scaffolding domain peptide and CD on KCl-induced contractions is inconsistent with this view, because both MLCK and CaMKII are reported to be required for KCl-induced contractions in this tissue (11, 20) . The implication of the present study is that neither MLCK nor CaMKII interact with caveolin in the signaling pathways that lead to KCl-induced alterations in contractility.
It is to be noted that both the decoy peptide approach and the depletion of cholesterol with CD have limitations. However, any potential artifacts caused by these two very different approaches would be expected to differ. Thus the fact that similar inhibitions of phorbol ester and ␣-adrenergic agonistinduced contractions were seen with both approaches strongly argues for an involvement of caveolin in agonist-induced activation of smooth muscle.
Previous studies on this tissue have shown that phorbol ester stimulation causes negligible changes in myosin phosphorylation (14) and have pointed to a pathway that involves activation of PKC and ERK1/2 and phosphorylation of the actin-binding protein CaD (29) . However, this issue has generated some controversy in the field and has been recently reviewed (29) . It appears quite likely that the relative importance of this pathway is tissue and agonist dependent, but in ferret aorta, all data currently available are consistent with a pathway linking PKC to ERK and CaD. Thus we determined the effect of CaV1 scaffolding domain peptides on the PKC-dependent regulation of these signaling molecules.
The ␣-agonist PE has been reported to be able to activate this pathway in ferret aorta as well, and PE is a more physiological agonist. Thus we also determined the effect of CaV1 decoy peptides and cholesterol depletion on PE contractions and found a similar inhibition of contraction. However, PE has multiple actions, including the activation of MLCK. So for further investigation of the mechanism of interaction PKC with caveolin, we focused on direct phorbol ester-dependent signaling.
The direct downstream target of PKC that leads to activation of MEK/ERK in this tissue is not known. For this reason, and because of the availability of phospho-antibodies to a PKC-specific site on adducin, we monitored adducin phosphorylation at this site as an intracellular PKC kinase assay. Phosphorylation at this site is unique to PKC and the phosphoantibody raised against this site does not recognize adducin phosphorylated by Ca-, cAMP-, or rho-dependent kinases (10, 21) . In the tissue used in the present study, PKC-dependent contractions have been linked with the epsilon isoform of PKC (23) . Although phosphorylation at this site on adducin has not been demonstrated specifically for PKC-ε, it has been shown that other novel isoforms of PKC, as well as the classical isoforms, do specifically phosphorylate adducin, and thus it is likely that PKC-ε as well can use adducin as a substrate (18, 19, 26) .
Adducins are a family of highly related proteins that mediate the association of spectrin and actin to form the subcortical membrane skeleton and are generally not thought to be associated with caveolae (10). Thus the finding that CaV1 peptides inhibit adducin phosphorylation indicates that PKC may have dissociated from the caveolae and translocated to the membrane cytoskeleton at the time that adducin phosphorylation is detected.
DPBA-induced phosphorylation of ERK1/2 and CaD peaks at 10-15 and 60 min, respectively. The time course of the phosphorylation of CaD seen in the present study closely follows the time course of the agonist-induced contraction. The question arises as to the mechanism by which the significant delay between the phosphorylation of ERK1/2 and CaD occurs. ERK1/2 activation is known to occur at the cell membrane, but CaD phosphorylation by ERK1/2 requires a subsequent translocation of active ERK1/2 from the cell membrane to the contractile filaments in which CaD is bound (15) . Thus the delay between ERK1/2 activation and CaD phosphorylation appears to relate to the little-understood mechanisms by which ERK1/2 translocates to the contractile filaments.
Recently, CaV1 knockout mice have been bred (7) . These mice have a decreased cardiovascular endurance, reduced myogenic tone of their blood vessels and aortic rings, and display decreased contractile force to agonists such as the phorbol ester PMA. Results presented in the present study may provide a subcellular basis for the vascular defects reported in these CaV1 knockout mice.
In a CaV3 knockout mouse (46) , results somewhat different from those reported here were found in that a hyperactivation of cardiac ERK1/2 accompanied an observed cardiomyopathy. Also, although the heart is reported to contain little CaV1, similar findings have been reported in the CaV1 knockout mouse, i.e., a cardiac hypertrophy and a hyperactivation of cardiac ERK1/2 (4). ERK1/2 activity was not measured in the vasculature. It is likely that the cardiac hypertrophy and the cardiac ERK1/2 hyperactivation in the CaV1 knockout mouse were secondary to vascular defects (4) . In the present study, we observed a hypoactivation of ERK1/2 on the addition of the CaV1 scaffolding domain peptide, indicating that either the interaction of CaV1 with ERK1/2 differs in smooth muscle from that of CaV3 in cardiac muscle, or the addition of the peptide is not acting as a dominant-negative sort of inhibitor. To further resolve the issue, we also took a second approach to block caveolin's action in this tissue. Cholesterol-depleting agents have previously been found to downregulate caveolae in smooth muscle and in other tissues (8, 42) . When we used these agents, we found that ERK and contractility were both inhibited, confirming the results of the peptide approach.
Thus in summary, activation of PKC in the presence of a phorbol ester and the subsequent downstream activation of ERK1/2, phosphorylation of CaD, and contraction of vascular smooth muscle require interaction with caveolin, most likely, CaV1. Disruption of CaV1-dependent function leads to a hypocontractile state and a hypoactivation of ERK1/2 both in the presence of a phorbol ester and in the presence of an ␣-agonist.
